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Iron-sulfur clusters as key cofactors are involved in multiple cellular processes, such as 
central metabolism and respiration, gene regulation and DNA repair. In Escherichia coli, iron-
sulfur clusters are assembled by a group of dedicated proteins. While the sulfide in iron-sulfur 
clusters is derived from L-cysteine via cysteine desulfurase IscS, the iron source still remains 
unknown. It has been proposed that IscA and its paralog SufA may act as iron chaperones for 
iron-sulfur cluster biogenesis. The first part of this work focuses on the interplay between 
cysteine desulfurase IscS and iron chaperons IscA/SufA. The results show that deletion of 
IscA/SufA generates a novel red-colored cysteine desulfurase IscS. The red-colored IscS can 
also be produced in wild-type E. coli cells by depleting intracellular iron using a membrane-
permeable iron chelator 2,2’-dipyridyl. The red-colored IscS has its unique redox property and 
spectroscopic features. When wild-type IscS is incubated with excess L-alanine and sulfide, red-
colored IscS is also formed in vitro, indicating that the red IscS may contain a conjugated 
pyridoxal phosphate quinonoid intermediate. This study suggests an important physiological 
interplay between IscA and IscS in iron-sulfur cluster biogenesis. The second part of this work is 
to explore the relation between iron homeostasis and iron-sulfur cluster biogenesis. The results 
demonstrate that deletion of IscA/SufA disrupts iron homeostasis in E. coli cells and produces an 
unprecedented iron-bound ferric uptake regulator Fur. Furthermore, the expression of gene fur in 
the iscA/sufA mutant cells is down-regulated, which leads to high expression of the ferric 
transporters encoded by fhuACDB and fecABCDE. Introduction of exogenous Fur or deletion of 
the ferric transporter operon fecABCDE in the iscA/sufA mutant cells partially restores the cell 





growth inhibition of the E. coli cells with deficiency of iron-sulfur cluster biogenesis and that 








1.1 Iron homeostasis in E. coli 
Iron is an abundant transition metal. It is essential for almost all living organisms. Under 
physiological condition, iron can exist in two redox states, the oxidized ferric form (Fe3+) and the 
reduced ferrous form (Fe2+). The wide range of redox potential of iron makes it a very versatile 
prosthetic component for incorporation into proteins as a biocatalyst. It participates in a variety 
of biological processes, such as electron transport (1), reactive oxygen species (ROS) 
detoxification (2,3), amino acid synthesis (4), DNA repair (5), the tricarboxylic acid (TCA) cycle 
(6). The biological functions of iron are dependent upon its incorporation into proteins as 
cofactors, either as a mononuclear species, or as a part of a complex form of iron-sulfur clusters 
or heme groups (7). However, most of the living organisms are frequently confronted with 
shortages of bioavailable iron under aerobic conditions due to the extreme insolubility (10-18 M 
at pH 7.0) of predominant ferric form (Fe3+) (7).  In addition, the accumulation of iron can also 
present a hazard to organisms because it triggers Fenton/Haber-Weiss reactions under aerobic 
conditions. These procedures produce harmful superoxide (O2
-), hydrogen peroxide (H2O2) and 
the highly destructive hydroxyl radical (●OH) (8).  
O2
- + Fe3+        Fe2+ + O2 
Fe2+ + H2O2        Fe
3+ + OH- + ●OH 
Because of poor availability and potential toxicity of iron, organisms must maintain 
intracellular iron homeostasis to achieve adequate supplies for the physiological needs and 







1.2 Iron-sulfur proteins 
Iron-sulfur clusters, as one of the most versatile complexes form of iron, are believed to 
be the most ancient prosthetic groups in proteins (9). The most common types of iron-sulfur 
clusters are the rhombic [2Fe-2S] cluster and cubic [4Fe-4S] cluster (Figure 1.1). Although in a 
majority of proteins, iron-sulfur clusters are coordinated by four cysteine resides (10), recent 
studies have shown that histidine and several other amino acid residues can also function as 
ligands for iron-sulfur clusters. For instance, in human mitoNEET, there are 3 cysteine and 1 
histidine residues coordinating a [2Fe-2S] cluster (11). In Rieske-type proteins, there are 2 
cysteine and 2 histidine residues hosting a [2Fe-2S] cluster (12,13). Iron-sulfur proteins comprise 
a functionally diverse family of proteins in all forms of life. Over 500 unique iron-sulfur proteins 
have been discovered in various organisms, and many of these proteins are highly conserved 
from prokaryotes to eukaryotes (9,10). Iron-sulfur proteins are involved in many critical cellular 
processes, including photosynthesis and respiration, nitrogen fixation, DNA synthesis and repair 
and regulation of gene expression (14).  
 
Figure 1. 1. Iron-sulfur clusters. A, [2Fe-2S] cluster. B, [4Fe-4S] clusters. Both depicted with the 








1.3 Biogenesis of iron-sulfur cluster in bacteria 
Although iron-sulfur clusters can be produced by chemical synthesis from inorganic 
Fe2+/3+ and S2- source in vitro (15,16), it is unlikely that iron-sulfur cluster assembly is 
spontaneous in vivo, considering the toxicity of free Fe2+ and S2- to cells. For iron-sulfur cluster 
biogenesis in bacteria, there are three distinct systems, namely NIF, ISC, and SUF systems 
(Figure 1.2) (17). The NIF system, first discovered in the nitrogen-fixing bacterium Azotobacter 
vinelandii, is responsible for the specific maturation of nitrogenase (18,19). The ISC system 
represents the housekeeping iron-sulfur cluster assembly (10,20) and the SUF system is activated 
in response to stress conditions like oxidative stress and iron starvation (21-23). In eukaryotes, 
components homologous to ISC are in mitochondria and those homologous to SUF are in the 
chloroplasts (24-26).  
 
Figure 1. 2. Iron-sulfur cluster assembly systems in bacteria.Genes or regions having 
homologous sequences or similar functions between the three systems are color-coded. Different 










1.4 Proposed functions of iron-sulfur cluster assembly proteins in E. coli 
Although the mechanism of iron-sulfur cluster assembly in vivo is not fully understood, 
an overview of the basic steps on how ISC system carries out iron-sulfur cluster biogenesis in 
prokaryotes has been extensively investigated.  
 
Figure 1. 3. A model of iron-sulfur cluster biogenesis in E. coli. IscS catalyzes L-cysteine 
desulfurization and provides sulfide for iron-sulfur cluster assembly on the scaffold IscU, yet 
iron source remains elusive. Release of the iron-sulfur cluster is catalyzed by the HscBA 
co/chaperone with ATP hydrolysis. The role of Fdx in ISC remains a matter of discussion as it 
was proposed to act at the release step in prokaryotes, and in an earlier step in the homologous 
eukaryotic ISC system. Adapted from Fig.2 (10). 
 
In E. coli, the operon iscSUA-hscBA-fdx represents house-keeping iron-sulfur cluster machinery 
system (Figure 1.3). The cysteine desulfurase IscS is a widely distributed cysteine desulfurase 
and exists as a homodimer. It catalyzes the pyridoxal-5’-phosphate (PLP)-dependent 
desulfurization of L-cysteine to produce sulfur and L-alanine (27,28). The reaction involves 





followed by a nucleophilic attack of the active-site cysteine (Cys328) to form the Cys328-
persulfide and subsequent release of alanine (28). The PLP group is anchored in the active center 
via forming an internal aldimine Schiff base with lysine 206 (Lys206) (28), therefore, Cys328 
and Lys206 are critical for the IscS enzyme activity. The crystal structure of IscS has revealed 
that the active site cysteine loop is disordered and Cys328 is able to extend away from the PLP 
cofactor and bound cysteine substrate suggesting that a significant conformational change must 
occur in this region during catalysis (28,29). In addition to the enzyme catalysis, Cys328 also 
plays a crucial role in sulfur transfer to the scaffold protein IscU. The sulfur derived from the 
substrate cysteine is transferred directly to apo-IscU for iron-sulfur cluster formation (30). The 
IscS-IscU complex is a heterotetramer (Figure 1.4). The crystal structure of the IscS-IscU 
complex showed apo-IscU binds near C-terminus of IscS, forming a very elongated S-shaped 
heterotetrameric protein complex (29). IscU protein projects its three conserved cysteine residues 
toward the active site loop containing Cys328 on IscS and the distance between Cys328 to any 
cysteine of IscU is greater than 12 Å, suggesting that a movement of the loop must occur to 
allow successful sulfur transfer from IscS Cys328 to IscU cysteines (29,31). This conformational 
change was further supported in Archaeoglobus fulgidus VC-16. A stable (IscS-IscUD35A)2 
complex possessing a [2Fe-2S] cluster was trapped and the catalytic cysteine of IscS together 
with the three conserved cysteines of IscU work as the ligands for the [2Fe-2S] cluster (32).  
The scaffold protein, IscU, is a platform where the iron-sulfur cluster is transiently 
formed. The studies on scaffold function of IscU have been carried out both in vivo and in vitro 
(33-35). The crystal structure of the E. coli apo-form IscU-IscS complex (Figure 1.4) shows that 
each IscU molecule interacts with one subunit of IscS dimer leading to a 2:2 stoichiometry (29). 






Figure 1. 4. Crystal structure of IscS-IscU complex. Cartoon representation of IscS-IscU 
heterotetramers. The IscS subunits are colored cyan and green; IscU is orange. Adapted for Fig.2 
(29).  
 
disordered state (D) of its apo-form and a structured state (S) of its [Fe-S]-form (36). This 
suggests that conformational change of IscU takes place during iron-sulfur cluster formation and 
transfer. The [Fe-S]-loaded IscU transfers the iron-sulfur cluster to the target proteins through the 
protein-protein interactions with HscB/HscA, the members of the DnaK/DnaJ chaperones/co-
chaperones families, respectively (37). Because “S”-form IscU has higher affinity to HscB than 
to IscS and the interactions between “S”-IscU and HscB recruits the co-chaperone HscA, which 
recognizes a specific LPPVK sequence motif on IscU with ATP hydrolysis (37-40). Thus, the 
release of iron-sulfur cluster from IscU involves the formation of an HscA-HscB-IscU complex. 
One of the major questions in the proposed model for iron-sulfur cluster assembly in 





specific iron donor or carrier is required. Three candidates, CyaY, IscX and IscA, have been 
suggested to provide iron for iron-sulfur assembly in E. coli. CyaY, the bacterial frataxin 
homologue, was initially suggested to be an iron donor due to its high binding affinity to ferric 
iron but low affinity to ferrous iron in vitro (41-43). Besides, CyaY and human frataxin can both 
provide iron for iron-sulfur cluster assembly on human IscU scaffold protein (44-47). Frataxin 
deficiency causes various metabolic disturbances and deficiency of frataxin is responsible for 
Friedreich’s ataxia, an autosomal recessive neurodegenerative disease (48,49). Deficiency of 
frataxin results in the accumulation of mitochondrial iron and loss of activity of iron-sulfur 
proteins (50,51). However, deletion of gene cyaY in E. coli did not show loss in iron-sulfur 
enzyme activities or iron homeostasis (52). Furthermore, iron-binding activity of CyaY does not 
involve histidine or cysteine, which are the conserved residues usually found in typical iron-
binding proteins (53,54). Recent studies further showed that CyaY negatively regulates iron-
sulfur cluster formation by inhibiting the enzyme activity of IscS in both prokaryotes and 
eukaryotes (55,56), indicating that CyaY may be involved in regulation of iron-sulfur cluster 
biogenesis instead of the iron donor.  
IscX, also known as ORF3 or YfhJ, is the last protein encoded in the isc operon (Figure 
1.2). It is a small acidic monomeric protein and a proposed iron donor for iron-sulfur cluster 
assembly (17). In vitro experiment showed that IscX preferably binds Fe2+ even though its 
binding affinity is weak, suggesting it probably acts as an iron donor (57). The results also 
indicated that IscX could inhibit iron-sulfur cluster formation on IscU without affecting the 
cysteine desulfurase activity of IscS (57). In addition, deletion of iscX gene, like cyaY, has no 






The third candidate, IscA, was first characterized as another scaffold protein (58,59). It is 
a member of the A-type protein family, which also includes SufA and ErpA (60). Crystal 
structure of E. coli IscA reveals that it has a very unique “cysteine pocket” formed by three 
conserved cysteine residues (Cys-35, Cys-99 and Cys-101) between two monomers (61). It has 
been reported that this “cysteine pocket” in IscA is highly flexible to accommodate a 
mononuclear iron or an iron-sulfur cluster without significant change of the structure (62). Iron-
sulfur cluster reconstitution on apo-form IscA with Fe2+ and Na2S or Fe
3+ and L-cys/IscS under 
anaerobic condition was characterized by various spectroscopic methods (59). In addition, [Fe-
S]-IscA can transfer the [Fe-S] cluster to apo-ferredoxin under anaerobic condition in vitro (63). 
Its paralogs SufA and NifA have the same features in reconstitution and transfer of iron-sulfur 
cluster (64,65). Purified Acidithiobacillus ferrooxidans IscA contained a stable [4Fe-4S] cluster 
and the [Fe-S] cluster-bound crystal structure of IscA from Thermosynechococcus elongates has 
been reported (58,66). However, the [Fe-S] cluster from IscA is very sensitive to oxygen. 
Besides, overexpression of IscA cannot restore the severe growth deficiency in the iscU deleted 
E. coli (64). Thus, IscA may not act as a scaffold protein like IscU. On the other hand, E. coli 
IscA has a strong and unique iron binding activity both in vivo and in vitro (67-69). Incubation of 
ferrous iron and apo-IscA in presence of sodium citrate aerobically produces the Fe-bound IscA 
and the binding capacity is about one iron atom per homodimer with an association constant of 
3.0 x 1019 M-1 (68). The other major iron-sulfur cluster assembly proteins, such as IscU, IscS, 
HscA and HscB, do not have the iron binding activity (70). The Fe-bound IscA, as well as the 
Fe-bound SufA, could effectively provide iron for iron-sulfur cluster assembly on IscU in vitro 
(70). Deletion of both iscA and sufA genes results in an E. coli mutant that fails to assemble [4Fe-





donor for iron-sulfur cluster assembly. The proposed model of IscA-mediated iron delivery for 
iron-sulfur cluster assembly is shown in Figure 1.5. 
Ferredoxin (Fdx) is also encoded in the isc operon and exists as monomer containing a 
stable [2Fe-2S] cluster. The physiological function of ferredoxin still remains to be solved. 
However, deletion of fdx gene in E. coli affects the activities of iron-sulfur enzymes to a similar  
 
Figure 1. 5. A proposed model of iron-sulfur cluster assembly by ISC system. A, L-cysteine first 
extracts iron from Fe-bound IscA by thiol exchange. B, IscS catalyzes the desulfurization of Fe-
bound L-cysteine. C, IscS release L-alanine and harbors the Fe-S moiety within a persulfide 
bond, which is transferred to IscU. D, Additional iron and sulfur builds Fe-S cluster on IscU. 
 
 
extent as iscS or iscU mutations (34). Based on the pull-down experiments, ferredoxin was found 
to interact with IscS, IscA and HscA, respectively (72,73). Various spectroscopic studies 
demonstrated that ferredoxin has the ability of reductive conversion of two [2Fe-2S]2+ clusters to 
a single [4Fe-4S]2+ cluster on the homodimeric IscU from Azotobacter vinelandii (74). This 
brings up a possibility that ferredoxin works as a physiological reductant and may participate in 





ferredoxin-NADP+ reductase can facilitate electron donation in iron-sulfur cluster assembly by 
providing electrons to ferredoxin (75).  
IscR is an [2Fe-2S] cluster transcriptional regulator controlling the expression of more 
than 40 genes in E. coli, including isc operon and suf operon (76). IscR contains three conserved 
cysteines (Cys92, Cys98 and Cys104), which are required for the [2Fe-2S] cluster ligation (77). 
Recent findings pointed out that a histidine residue (His107) in IscR is essential for the [2Fe-2S] 
cluster ligation as well (78). Mutagenesis analyses have shown the existence of two classes of 
IscR-binding sites on DNA, namely Type 1 and Type 2 (76). Holo-IscR has a higher binding 
affinity on Type 1 site than apo-IscR, whereas the holo-IscR and apo-IscR bind with similar 
affinity to Type 2 site (79). When iron-sulfur clusters in cells are abundant, IscR maturation 
occurs by receiving the [2Fe-2S] cluster from IscU, then represses the expression of ISC 
proteins, including itself, by binding to the Type 1 sites on its promoter to prevent a further 
biosynthesis of iron-sulfur cluster (80,81). In addition, IscR also participates in the regulation of 
the suf operon containing the Type 2 site. Under unfavorable iron-sulfur cluster biosynthesis 
conditions, like iron starvation and oxidative stress, the accumulation of apo-IscR activates the 
expression of SUF proteins and simultaneously de-represses the expression of ISC proteins (82-
84). Although IscR is the core regulator of iron-sulfur cluster homeostasis, additional regulators 
are also involved, such as Fur, RyhB and OxyR (81,85,86). 
In this study, we have explored the physiological interaction between IscA and IscS in 
the iron-sulfur cluster biogenesis, and found that deletion of IscA and its paralog SufA results in 
an unusual red cysteine desulfurase IscS which appears to be inactive. The inactivation of cystine 





mechanism to avoid excess production of sulfur in cells when the iron is not available for the 
iron-sulfur cluster biogenesis. 
1.5 Central regulators in iron homeostasis in E. coli 
Iron homeostasis requires an elaborate coordination between iron uptake, export and 
storage. In most prokaryotic organisms, the transcription factor ferric uptake regulator (Fur) 
plays a leading role to maintain iron homeostasis by directly and indirectly sensing levels of 
intracellular iron. Fur exists as a homodimer composed of 17-kDa subunits. It controls the iron-
dependent expression of more than 90 genes in E. coli strains (87) and at least four modes of the 
Fur-mediated gene regulation have been proposed. 1) The iron-bound Fur repression mode. The 
iron-bound Fur binds to a specific DNA sequence on the promotor of its target DNA (88,89). 
The Fur-binding site was originally defined as a 19-bp palindromic consensus sequence 
GATAAT GATAATCATTATC or the “Fur box” (90). When the intracellular iron level 
becomes sufficiently high, the iron-bound Fur binds to the Fur box and blocks the access of RNA 
polymerase to inhibit transcription of the target genes, such as ferric uptake transporter operons 
fhuACDB and fecABCDE, (91) (Figure 1.6A). Among the iron uptake genes, the operon 
fhuACDB is responsible for transporting ferric hydroxamate into E. coli cells (92), while the 
operon fecABCDE is responsible for transporting ferric citrate into the cells (93). When 
intracellular iron concentrations fall below a certain threshold, the transcriptional repression is 
relieved (Figure 1.6A). 2) The iron-bound Fur as an activator mode. This mode was discovered 
in the regulation of virulence in Salmonella typhimurium and Helicobacter pylori (94,95). In 
vitro transcription assays demonstrated that the iron-bound Fur binds on 100-200 bp upstream of 
the transcription start sites, and recruits RNA polymerase (94,95) (Figure 1.6B). 3) The iron-





upstream of gene ftn promotor and physically removes a repressor H-NS (the histone-like 
nucleoid-structuring protein) in the promoter region to stimulate the expression of Ferritin (96) 
(Figure 1.6C). 4) The indirect activation mode of the iron-bound Fur. The iron-bound Fur 
represses gene ryhB which encodes the small regulatory RNA RyhB (97). RyhB is 90-nt 
noncoding RNA and inhibits translation of mRNAs of at least 56 target proteins including sodB 
and the succinate dehydrogenase operon sdhCDAB to preserve limited intracellular iron for 
essential iron-binding proteins known as the “iron-sparing” response (98,99) (Figure 1.6D).  
 
Figure 1. 6. Models of the Fur-dependent regulation of gene expression.A, the iron-bound Fur 
repression on ferric citrate transporter gene fecA. B, the iron-bound Fur activation through 
recruiting RNAP in regulating virulence factor HilA in S. typhimurium and NorB in H. pylori. C, 
the iron-bound Fur acts as anti-repressor to prevent H-NS nucleation at the ftnA promoter and the 
repression in E. coli. D, the iron-bound Fur activation via RyhB-mediated degradation. Fur-Fe2+ 







The secondary structure of RyhB is shown in Figure 1.7. RyhB activity and stability requires the 
RNA chaperone Hfq. Hfq mediates the pairing between RyhB and its target mRNAs by yet 
unknown mechanism. In addition, Hfq is part of a complex with RyhB and RNase E, which 
initiates the target mRNA degradation, and protects RyhB from degradation by RNase E 
(101,102). The interesting discovery is that RyhB downregulates Fur expression via paring with 
and degrading the translationally coupled upstream reading frame of fur (uof) (103). Thus, when 
the intracellular iron content is replete, the iron-bound Fur, on one hand, represses various iron 
uptake processes to prevent transporting more iron into the E. coli cells; on the other hand, the 
iron-bound Fur represses RyhB, which in turn de-represses the iron-requiring processes such as 
iron storage and the iron-containing protein biosynthesis, to alleviate intracellular “free” iron 
content (Figure 1.8). When the intracellular iron content is limiting, the iron-bound Fur 
repression is relieved. leading to an induction of iron-uptake processes. In the meantime, the 
 
Figure 1. 7. Secondary structure of the small regulatory RNA RyhB. The Sm-like protein Hfq 
binds to the AU-rich unstructured region of RyhB as indicated. Below the secondary structure, 
the primary sequence of RyhB is shown along with its putative binding interaction to the target 
mRNA sodB. The start codon for sodB is underlined. RyhB nucleotides that participate in the 





de-repression of RyhB inhibits the iron-requiring processes to reduce the intracellular iron 
consumption. Fur and RyhB, consequently, have long been recognized as the central regulators 
of iron metabolism in E. coli cells (Figure 1.8).  
Recent evidence shows that other genes cross-talking with iron metabolism are also 
regulated by Fur. For instance, the ycgZ-ymga-ariR-ymgC operon is associated with biofilm 
formation and acid resistance (105). The Fur-mediated repression of the ycgZ-ymga-ariR-ymgC  
 operon contributes to protecting cells from acidic environments caused by temporal TCA 
shutdown under iron starvation condition (106), thus Fur truly plays a comprehensive regulatory 
 
Figure 1. 8. Roles of Fur and RyhB in mediating Fe-dependent gene regulation in E. coli. 
Adapted from Fig.5 (97).  
role affecting many fundamental cellular processes linked to iron metabolism in order to 
coordinate the overall response to iron availability. 
Although E. coli Fur has been described as an iron-dependent regulatory protein, it has 
been identified, back to the 1990s, as a zinc metalloprotein (107). Recent studies has confirmed 





for iron is between 1.2 μM and 55 μM (109), which is much higher than the intracellular “free” 
iron concentration (107). The studies based on EPR, Mössbauer spectroscopy and x-ray have 
revealed that each E. coli Fur subunit has two putative metal binding sites: the regulatory iron 
binding site to regulate the DNA binding affinity and the structural zinc binding site to stabilize 
the protein quaternary structure (107,110-112). The zinc ion is coordinated by two highly 
conserved cysteine ligands (Cys92 and Cys95) (111). Site-directed mutagenesis experiments 
showed that the cysteine residues are essential to the DNA-binding activity of E. coli Fur (113). 
Crystal structures of Fur from Pseudomonas aeruginosa and Vibrio cholerae have provided a 
deep insight into the zinc coordination (Figure 1.9). Four Zn2+ were observed per Fur dimer, two 
of them were bound to conserved ligands and were therefore proposed to play an important role 
in maintaining the integrity of the protein structure, while the other two zinc ions in the 
regulatory sites can be readily replaced by iron ions. Although the three- dimensional structure of 
E. coli Fur is not available up to now, the NMR and x-ray data have 
           
Figure 1. 9. The crystal structures of P. aeruginosa and V. cholerae Fur dimer. A, Ribbon 
diagram of crystal structure of PA-Fur, the DNA-binding domains are depicted in blue and the 
dimerization domain in green. The symmetry-related second monomer is shown in light blue and 
green (114). B, Ribbon diagram of the crystal structure of VA-Fur dimer. Schematic view of the 







shown that its overall architecture is conserved (112). E. coli Fur monomer contains four 
cysteines which are oxidized in two disulfide bridges Cys92-Cys95 and Cys132- Cys137. The 
formation of E. coli Fur dimer requires reduction of the disulfide bonds and incorporation of 
Zn2+, but reduction of the four cysteines by dithiothreitol (DTT) alone does not promote 
dimerization (112,116). Nevertheless, there is no report showing the iron-bound Fur. Here we 
find that in the E. coli cells with deficiency of iron-sulfur cluster biogenesis, Fur becomes iron-
bound, which results in disruption of iron homeostasis. 
1.6 Regulation of iron-sulfur cluster biogenesis by Fur and RyhB 
In E. coli, in addition to IscR, iron-sulfur cluster biogenesis is also regulated by Fur and 
RyhB. The isc operon is indirectly regulated by Fur via the RyhB-mediated mRNA degradation 
(117), while the suf operon is directly repressed by the iron-bound Fur (84). Under the iron 
limited condition, apo-Fur de-represses RyhB expression. RyhB is able to pair with the upstream 
of iscSUA and initiates the degradation (117), but remains the fragment of iscR. The stability of 
the iscR transcript depends on a 111-nucleotide long non-translated RNA section located 
between iscR and iscS, which forms a strong repetitive extragenic palindromic secondary 
structure and may protect against ribonucleases degradation (117). The diminished iron-sulfur 
cluster biogenesis because of the degradation of iscSUA contributes to the accumulation of apo-
IscR, which in turn activates the suf operon in response to the stress conditions. In this study, we 
have found on the interplay between iron-sulfur cluster biogenesis and iron homeostasis, and 
found that in the E. coli cells with deficiency of iron-sulfur cluster biogenesis due to deletion of 
IscA/SufA, Fur becomes iron bound, and that the expression of gene fur is down-regulated, 





may contribute to inhibition of cell growth of the E. coli iscA/sufA mutant cells under aerobic 
conditions. 
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DELETION OF THE PROPOSED IRON CHAPERONES ISCA/SUFA 
RESULTS IN ACCUMULATION OF A RED INTERMEDIATE CYSTEINE 
DESULFURASE ISCS IN ESCHERICHIA COLI1 
 
2.1       Introduction 
In the past decade, a group of highly conserved proteins has been identified as essential 
for iron-sulfur cluster biogenesis in bacteria (1,2) and eukaryotes (3). Among these identified 
proteins, cysteine desulfurases (NifS (4), IscS (5,6), and SufS (7)) catalyze the desulfurization of 
L-cysteine and provide sulfur for iron-sulfur cluster assembly in the scaffold proteins IscU (8-10) 
or the SufBCD complex (11,12). The scaffold proteins then transfer the assembled clusters to 
target proteins. Two heat shock cognate proteins, HscB and HscA, interact with the scaffold 
protein IscU and regulate the iron-sulfur cluster transfer from IscU to target proteins (10,13,14). 
Specific glutaredoxins are also involved in storing and transporting iron-sulfur clusters from 
scaffold proteins to target proteins (15-17). Nevertheless, the iron donor for iron-sulfur cluster 
biogenesis remains elusive. Frataxin, a mitochondrial protein associated with the human 
neurodegenerative disease Friedreich ataxia (18), has been proposed previously as a putative iron 
chaperone for iron-sulfur cluster biogenesis (19,20). Frataxin is highly conserved from bacteria 
to humans and interacts with the iron-sulfur protein aconitase (21), mitochondrial electron 
transfer components (22), and the iron-sulfur cluster assembly proteins IscS (23-27) and IscU 
(28). However, frataxin has a weak iron-binding activity under physiological conditions (29-31), 
and deletion of frataxin has little or no effect on iron-sulfur proteins in Saccharomyces cerevisiae 
(32), Salmonella enterica (33), and Escherichia coli (34). Only in iron-rich medium does the 
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IscA/SufA results in accumulation of a red intermediate cysteine desulfurase IscS in Escherichia 





deletion of frataxin have a mild effect on iron-sulfur proteins in E. coli cells (26). It has therefore 
been postulated that frataxin may act as a gatekeeper to regulate iron-sulfur cluster biogenesis by 
activating cysteine desulfurase (27) or directing the sulfur flux from cysteine desulfurase (23,25). 
Among the iron-sulfur cluster assembly proteins encoded by the gene cluster iscSUA-
HscBA-fdx-iscX in E. coli (1), IscX has also been proposed as a possible iron donor for iron-
sulfur cluster biogenesis (35). However, like frataxin, IscX has a weak iron-binding activity (36), 
and deletion of IscX has very little effect on iron-sulfur proteins in E. coli cells (26), indicating 
that IscX may have functions other than directly providing iron for iron-sulfur cluster assembly 
under physiological conditions. In contrast, IscA, a proposed alternative scaffold protein (37-39), 
has a unique and strong iron-binding activity (40-44) with an iron association constant of ~3.0  
1019 M-1 (45,46). The iron center in IscA can be readily mobilized by L-cysteine (43,44,47) and 
transferred for iron-sulfur cluster assembly in proteins in vitro (43,48). These results led us to 
postulate that IscA may recruit intracellular iron and deliver iron for iron-sulfur cluster 
biogenesis. It has also been reported that depletion of IscA in Azotobacter vinelandii results in a 
null-growth phenotype in modified Burks minimal medium under elevated oxygen conditions 
(49). In E. coli cells, deletion of IscA and its paralog SufA has the same null-growth phenotype 
in M9 minimal medium under aerobic conditions (50,51). In S. cerevisiae, depletion of IscA 
homologs leads to accumulation of iron in mitochondria and dependence on lysine and glutamate 
for cell growth (52,53). In cultured human cells, depletion of IscA1 significantly decreases iron-
sulfur cluster assembly activity in mitochondria and in the cytosol (54). Recent studies also 
revealed that IscA and its homologs have an essential role in [4Fe-4S] cluster assembly in E. coli 
(55), S. cerevisiae (42), and human cells (56) under aerobic conditions. 





would disrupt iron delivery for iron-sulfur cluster biogenesis, therefore impeding sulfur delivery 
by the cysteine desulfurase IscS, a major sulfur donor in E. coli cells (6). In this study, we find 
that deletion of IscA and SufA indeed results in the accumulation of a red-colored IscS in E. coli 
cells under aerobic growth conditions. Red IscS also accumulates in wild-type E. coli cells in 
which intracellular iron is depleted by using a membrane-permeable iron chelator 2,2’ -dipyridyl, 
suggesting that deletion of IscA/SufA can be emulated by depleting intracellular iron in E. coli 
cells. Purified red IscS has a distinct absorption peak at 528 nm in addition to the absorption 
peak at 395 nm of pyridoxal 5’ -phosphate (5,6). When purified red IscS is oxidized by H2O2, the 
absorption peak at 528 nm is shifted to 510 nm, which is reminiscent of an alanine-quinonoid 
intermediate in cysteine desulfurases from other organisms (4,57). The results suggest that 
deletion of IscA/SufA or depletion of intercellular iron in E. coli cells leads to accumulation of 
red IscS, which likely contains a highly conjugated quinonoid intermediate, and that the 
proposed iron chaperones IscA/SufA and cysteine desulfurase IscS may work in concert in 
delivering iron and sulfur for iron-sulfur cluster biogenesis. 
2.2       Materials and Methods 
Protein Purification 
Recombinant E. coli IscS was expressed in the E. coli iscA/sufA mutant or its parental 
wild-type strain MC4100 cells. E. coli iscA/sufA mutant was constructed as described previously 
(50). The E. coli gene encoding IscS was cloned into an expression plasmid, pBAD (Life 
Technologies). The E. coli cells hosting the expression plasmid were grown in LB (Luria-
Bertani) medium to A600 nm of 0.6 under aerobic conditions. Arabinose (at a final concentration of 
0.02%) was then added to the cell cultures to induce the expression of recombinant IscS in the 





judging from the SDS-polyacrylamide gel electrophoresis staining with Coomassie Brilliant 
Blue. The protein concentration of IscS was measured from the absorption peak at 280 nm using 
an extinction coefficient of 39.8 mM-1cm-1. The UV-visible absorption spectra were recorded 
using the Beckman DU640 UV-visible spectrometer equipped with a temperature controller.  
Site-directed Mutagenesis of E. coli IscS 
Two pairs of primers (IscS-K206A-1, 5’ –CTTTCTCCGGTCACGCAATCTATGGCCC 
G-3’; IscS-K206A-2, 5’ -CGGGCCATAGATTGCGTGACCGGAGAAAG-3’; IscS-C328S-1, 5’ 
-CAGTTTCTTCAGGTTCCGCCTCTACGTCAGCAAGCC-3’; IscS-C328S-2, 5’ -GAGGCGG 
AACCTGAAGAAACTGCGAGGTCTTTCAGC-3’) were synthesized for construction of IscS 
mutants IscS-K206A and IscS-C328S, respectively. The site-directed mutagenesis of IscS was 
carried out using the QuikChange kit (Agilent Technologies), and the mutations were confirmed 
by direct sequencing (Eurofins Co.).  
Treatment of 2,2’ –Dipyridyl 
Different amounts of 2,2’ - dipyridyl were added to LB medium before the overnight E. 
coli culture was inoculated. Cells were grown at 37 °C under aerobic conditions. The cell growth 
was measured after cells were washed once with fresh LB medium to remove 2,2’ -dipyridyl.  
Cysteine Desulfurase Activity Assay 
Cysteine desulfurase activity of purified E. coli IscS was measured using the sulfide 
detection method by Siegel (58). Briefly, purified cysteine desulfurase (1 M) was incubated 
with L-cysteine (1 mM) in buffer containing Tris (20 mM (pH 8.0)), NaCl (200 mM), and 
dithiothreitol (2 mM) at 37 °C for 10 min. Reactions were terminated by addition of N, N-
dimethyl-p-phenylene-diamine sulfate (20 mM) (in 7.2 N HCl) and FeCl3 (30 mM) (in 1.2 N 





methylene blue at 670 nm. Freshly prepared Na2S was used as the standard for sulfide 
quantification in the enzyme reaction.  
2.3      Results 
Deletion of IscA/SufA Results in the Accumulation of a Red- colored IscS in E. coli Cells 
To explore the physiological interplay between IscA, a putative iron donor (44), and IscS, 
a major sulfur donor for iron-sulfur cluster biogenesis (6), we expressed recombinant IscS in the 
E. coli wild type and iscA/sufA mutant cells grown in LB medium under aerobic conditions. 
Figure 2.1 shows that, although IscS purified from wild-type E. coli cells is yellow (indicative of 
pyridoxal 5’ -phosphate) (5), IscS purified from the iscA/sufA mutant cells is bright red. In 
parallel experiments, IscS was also expressed in E. coli mutant cells in which the scaffold protein 
IscU (8-10) was deleted. Unlike in iscA/ sufA mutant cells, IscS expressed in iscU mutant cells 
has the same yellow color as that produced in wild-type E. coli cells (data not shown), suggesting 
that deletion of IscU does not significantly affect IscS in E. coli cells under aerobic conditions.  
UV-visible absorption measurements showed that IscS purified from E. coli iscA/sufA 
mutant cells has a distinct absorption peak at 528 nm in addition to the absorption peak at 395 
nm of pyridoxal 5’ -phosphate (5,6) (Figure 2.1). Metal content analyses showed that IscS 
proteins purified from wild-type or iscA/sufA mutant cells did not contain any detectable 
amounts of transition metals (data not shown), suggesting that the red color of IscS is not due to 






Figure 2. 1. UV-visible spectra of IscS purified from the iscA/sufA mutant and parental wild-type 
E. coli cells. Recombinant E. coli IscS was expressed in E. coli iscA/sufA mutant cells (spectrum 
1) or parental wild-type cells (spectrum 2). The protein concentration was calibrated to about 22 
M in buffer containing NaCl (500 mM) and Tris (20 mM (pH 8.0)). Inset, a photograph of IscS 




Formation of Red IscS in E. coli iscA/sufA Mutant Cells Requires an Active Catalytic Site 
in IscS 
 
To examine whether the formation of red IscS in the E. coli iscA/sufA mutant cells is an 
enzymatic process, we constructed two IscS mutants, IscS-C328S and IscS-K206A, by site-
directed mutagenesis. Cys-328 in IscS directly attacks substrate L-cysteine (4), whereas Lys-206 
is the ligand for pyridoxal 5’ -phosphate (5). Both mutant proteins were expressed in wild-type 
E. coli cells grown in LB medium under aerobic conditions. As expected, purified IscS-C328S 





UV-visible absorption measurements showed that purified IscS-C328S has an absorption peak at 
395 nm of pyridoxal 5’ -phosphate (Figure 2.2A), which is identical to that of wild-type IscS 
(Figure 2.1). To our surprise, purified IscS-K206A has two new absorption peaks, at 338 nm and 
428 nm (Figure 2.2A). Nevertheless, binding of pyridoxal 5’ -phosphate to the enzyme without 
the ligand lysine is not unprecedented because substitution of the active-site Lys-313 with 
alanine in E. coli aminolevulinate synthase produces external aldimine intermediates (59). 
Because the absorption peaks at 338 nm and 428 nm have been assigned to the Cys-ketimine and 
Cys-aldimine intermediates in other cysteine desulfurases, respectively (4,57), it is likely that 
Cys-ketimine and Cys-aldimine intermediates are trapped in the IscS-K206A mutant when 
expressed in wild-type E. coli cells. IscS-C328S and IscS-K206A were then expressed in E. coli 
iscA/sufA mutant cells grown in LB medium under aerobic conditions. As shown in Figure 2.2B,  
 
Figure 2. 2. An active catalytic site is required for the formation of red IscS in E. coli iscA/sufA 
mutant cells. IscS-C328S and IscS-K206A were expressed in wild-type (A) or iscA/sufA mutant 
E. coli cells (B). Purified proteins (50 M) were subjected to UV-visible absorption 
measurements. Spectrum 1, IscS-C328S; spectrum 2, IscS-K206A. 
 
 





purified IscS-C328S and IscS-K206A have essentially the same absorption peaks as those 
purified from wild-type E. coli cells (Figure 2.2A), suggesting that the formation of red IscS in 
the iscA/sufA mutant cells requires an active catalytic center in IscS.  
Red IscS Also Accumulates in Wild-type E. coli Cells with Depletion of Intracellular Iron 
If deletion of IscA/SufA disrupts iron delivery for iron-sulfur cluster biogenesis and 
results in the accumulation of red IscS in E. coli cells under aerobic growth conditions (Figure 
2.1), then we reasoned that depletion of intracellular iron would also produce a red-colored IscS 
in wild-type E. coli cells under the same experimental conditions.  
 
Figure 2. 3. Red IscS also accumulates in wild-type E. coli cells with depletion of intracellular 
iron. Recombinant IscS was expressed in wild-type E. coli cells grown in LB medium 
supplemented with 0 (spectrum 1), 0.4 mM 2,2’ -dipyridyl (spectrum 2), or 0.4 mM 2,2’ -
dipyridyl and 0.4 mM Fe(NH4)2(SO4)2 (spectrum 3). Purified IscS proteins (20 M) were 
subjected to UV-visible absorption measurements. Inset, a photograph of IscS proteins purified 
from wild-type E. coli cells grown in LB medium supplemented with 0 (spectrum 1) or 0.4 mM 






To test this idea, wild-type E. coli cells expressing recombinant IscS were grown in LB 
medium supplemented with or without 2,2’ -dipyridyl, a membrane-permeable iron chelator (31), 
under aerobic growth conditions. Figure 2.3 shows that IscS purified from wild-type E. coli cells 
grown in LB medium supplemented with 0.4 mM 2,2’ -dipyridyl is indeed red, with an 
absorption peak at 528 nm (spectrum 2). The addition of 0.4 mM ferrous ammonium sulfate to 
the LB medium containing 0.4 mM 2,2 -dipyridyl completely suppresses the formation of red 
IscS in wild-type E. coli cells (spectrum 3). Therefore, depletion of intracellular iron can also 
result in the accumulation of red IscS in wild-type E. coli cells.  
E. coli cells expressing recombinant IscS were then grown in LB medium supplemented 
with different concentrations of 2,2’ -dipyridyl under aerobic growth conditions. As shown in 
Figure 2.4A, when the concentration of 2,2’ -dipyridyl in LB medium increases from 0 to 1.0 
mM, cell growth is severely inhibited to a level close to that of the E. coli iscA/sufA mutant 
grown in LB medium without 2,2’ -dipyridyl. Recombinant IscS was also purified from the wild-
type E. coli cells grown in LB medium supplemented with different concentrations of 2,2’ – 
dipyridyl. As the concentration of 2,2 -dipyridyl in LB medium increases from 0 to 1.0 mM, the 
absorption peak at 528 nm of purified IscS increases gradually (Figure 2.4B). Therefore, deletion 
of IscA/SufA can be emulated by depletion of intracellular iron in inhibiting cell growth and in 
producing red IscS in E. coli cells under aerobic growth conditions.  
Redox Property of Red IscS 
To the best of our knowledge, the red-colored IscS has not been previously purified or 
characterized. To explore the redox property of red IscS, we incubated the purified protein with 
sodium borohydride, a strong reducing reagent. As shown in Figure 2.5, A and B, the absorption 






Figure 2. 4. Effects of depletion of intracellular iron on cell growth of wild-type E. coli cells and 
on recombinant IscS expressed in wild-type E. coli cells. A, inhibition of cell growth of wild-
type E. coli by 2,2’ -dipyridyl. The same amount of overnight E. coli cultures was inoculated in 
fresh LB medium supplemented with the indicated concentrations of 2,2’ -dipyridyl (0 –1.0 
mM). Cell growth was measured at 0 (white columns) and 3 h (black columns) under aerobic 
growth conditions. The dotted line represents the cell growth of the E. coli iscA/sufA mutant in 
LB medium without 2,2’ -dipyridyl for 3 h under aerobic growth conditions. B, recombinant IscS 
was expressed in wild-type E. coli cells grown in LB medium supplemented with the indicated 
concentrations of 2,2’ -dipyridyl (0 –1.0 mM). Purified IscS proteins (30 M) were subjected to 
UV-visible absorption measurements. The results are representatives from three independent 
experiments. 
 
upon reduction with sodium borohydride. However, the absorption peak at 528 nm of red IscS is 
not affected by sodium borohydride (Figure 2.5A). This result suggests that purified red IscS 
may contain two distinct IscS: one with an absorption peak at 395 nm of pyridoxal 5’ -phosphate 
and the other with an absorption peak at 528 nm of an unknown intermediate. Unfortunately, 
attempts to separate the IscS with an absorption peak at 395 nm from that with an absorption 
peak at 528 nm using various chromatographic approaches were not successful (data not shown),  






Figure 2. 5. Redox property of red IscS. A, reduction of red IscS by sodium borohydride. 
Purified red IscS (IscS(R), 30 M, spectrum 1) was incubated with NaBH4 (100 M, spectrum 2) 
at 4 °C for 30 min. B, reduction of wild-type IscS by sodium borohydride. Purified wild-type  






30 min. C, oxidation of red IscS by H2O2. Purified red IscS (30 M, spectrum 1) was incubated 
with H2O2 (10 mM, spectrum 2) at 4 °C for 10 min (spectrum 2) or 3 h (spectrum 3). D, 
oxidation of wild-type IscS by H2O2. Purified wild-type IscS (30 M, spectrum 1) was incubated 
with 10 mM H2O2 (spectrum 2) at 4 °C for 3 h. E, relative cysteine desulfurase activity of red 
IscS after being treated with sodium borohydride (reduced) or H2O2 (oxidized). F, relative 
cysteine desulfurase activity of wild-type IscS after being treated with sodium borohydride or 
H2O2. The enzyme activity of purified red IscS varied in different preparations and closely 
correlated with the amplitudes of the absorption peak at 395 nm of pyridoxal 5’ -phosphate. The 
total enzyme activity of red IscS shown was 75% of that of the control of red IscS. The results 
are the representatives from three independent different experiments.  
 
Purified red IscS was also oxidized with H2O2. As shown in Figure 2.5, C and D, 
although the absorption peak at 395 nm of red IscS and wild-type IscS is not changed upon 
addition of H2O2, the absorption peak at 528 nm of red IscS is quickly shifted to 510 nm (Figure 
2.5C). The results further suggest that the absorption peaks at 395 nm and 528 nm of purified red 
IscS represent two distinct IscS. It should be pointed out that the absorption peak at 510 nm of 
red IscS is not stable at 37 °C and decreases quickly (Figure 2.5C). However, when dithiothreitol 
is added to the incubation solution right after the addition of H2O2, the absorption peak at 510 nm 
is partially reversed back to 528 nm (data not shown), suggesting that oxidation of red IscS by 
H2O2 is at least partially reversible.  
The cysteine desulfurase activity was also measured for purified red IscS and wild-type 
IscS when the proteins were oxidized or reduced. The enzyme activity of purified red IscS and 
wild-type IscS varies in different preparations and closely correlates with the amplitude of the 
absorption peak at 395 nm of the prepared proteins. Interestingly, although oxidation with H2O2 
has very little or no effect on the enzyme activity of red IscS and wild-type IscS, reduction with 
sodium borohydride completely inactivates red IscS and wild-type IscS (Figure 2.5, E and F). 
Because the reduced red IscS is inactive (Figure 2.5E) but still has the absorption peak at 528 nm 
(Figure 2.5A), and the oxidized red IscS remains largely active (Figure 2.5E) but without 528 nm 





catalyze desulfurization of L-cysteine.  
Formation of Red IscS in Vitro 
The transient absorption peak at 510 nm of purified red IscS after oxidization with H2O2 
(Figure 2.5C) is very close to the absorption peak at 506 nm of the proposed alanine-quinonoid 
intermediate in cysteine desulfurases from other organisms (4,57). Conceivably, the absorption 
peak at 528 nm of purified red IscS could represent an alanine-quinonoid-like intermediate. To 
test this idea, we incubated wild-type IscS with L-alanine and sulfide, the two products produced 
from L-cysteine by IscS (4).  
Figure 2.6A shows that, when wild-type IscS is incubated with excess L-alanine and 
sulfide under aerobic conditions, red IscS is gradually formed. In parallel experiments, 
incubation of wild-type IscS with D-alanine and sulfide or glycine and sulfide fails to produce 
red IscS (Figure 2.6B), demonstrating that L-alanine is essential for the formation of red IscS in 
vitro. Red IscS formed in vitro has an absorption peak at 510 nm (Figure 2.6A), which is the 
same as that of red IscS purified from E. coli cells after oxidation with H2O2 (Figure 2.5C). 
Similar to that shown in Figure 2.5C, the absorption peak at 510 nm of red IscS produced in vitro 
is not stable at 37 °C and disappears quickly (data not shown). Taken together, the results 
suggest that the absorption peaks at 528 nm and 510 nm of red IscS purified from E. coli cells 
with deletion of IscA/SufA represent the quinonoid-like intermediates at different redox states.  
2.4       Discussion  
In this study, we report that deletion of the proposed iron chaperones IscA/SufA or 
depletion of intracellular iron results in the accumulation of a red-colored cysteine desulfurase 






Figure 2. 6. Formation of red IscS in vitro. A, purified wild-type IscS (100 M) was incubated 
with L-alanine (100 mM) and Na2S (100 mM) in the presence of Tris (120 mM (pH 8.0)) at 
room temperature. The UV-visible absorption spectra were taken at 0, 1 min, 1 h, 2 h, 3 h, and 4 
h. Inset, a photograph of IscS proteins before (1) and after (2) incubation with L-alanine and 
Na2S at room temperature for 3 h. B, L-alanine is essential for formation of red IscS in vitro. 
Purified wild-type IscS (100 M) was incubated with buffer (spectrum 1), L-alanine (100 mM, 
spectrum 2), D-alanine (100 mM, spectrum 3), or glycine (100 mM, spectrum 4) in the presence 
of Na2S (100 mM) and Tris (120 mM (pH 8.0)) at room temperature. Spectra were taken after 
incubation at room temperature for 3 h.  
 
 
incubating wild-type IscS with excess L-alanine and sulfide under aerobic conditions. We 
propose that deletion of IscA/SufA may block iron delivery for iron-sulfur cluster biogenesis, 
therefore impeding the sulfur delivery of cysteine desulfurase IscS, and result in the 
accumulation of red IscS intermediate in E. coli cells. The results also represent the first 
evidence for the physiological interplay between the proposed iron chaperones IscA/SufA and 
major cysteine desulfurase IscS in iron-sulfur cluster biogenesis in E. coli cells under aerobic 
growth conditions.  





have been characterized previously as alternative scaffold proteins or carriers (15,37-39), IscA 
has a unique and strong iron-binding activity in vitro (40-44) and in vivo (31) under aerobic 
conditions. The three invariant cysteine residues (45), and possibly an oxygen ligand (43), are 
likely involved in iron binding in IscA. Furthermore, the iron center in IscA can be readily 
mobilized by L-cysteine and transferred for iron-sulfur cluster assembly in vitro under aerobic 
conditions (43,44,47). Recently, we also reported that E. coli IscA has its unique activity to bind 
copper in vivo and in vitro and that excess copper can compete with iron for the metal binding 
sites in IscA and block iron-sulfur cluster biogenesis (60). These results led us to propose that 
IscA and its homologs may act as iron chaperones for iron-sulfur cluster biogenesis. 
Interestingly, although IscA and its homologs are essential for iron-sulfur cluster biogenesis in 
bacteria and eukaryotic cells under aerobic conditions (42,49-56), deletion of IscA and its 
homolog SufA has very little or no effect on iron-sulfur proteins in E. coli cells under anaerobic 
growth conditions (31). One of the simplest explanations is that, under anaerobic conditions, the 
intracellular iron concentration may be sufficient to facilitate iron-sulfur cluster assembly in 
proteins without IscA and its homologs (31). Consistent with this idea, IscA and its homologs are 
absent in most anaerobic organisms (61). Here we found that, although deletion of IscA/SufA 
results in the accumulation of red IscS in E. coli cells under aerobic conditions, deletion of 
IscA/SufA has no apparent effects on IscS in E. coli cells under anaerobic growth conditions 
(data not shown). Therefore, IscA and its homologs may have a crucial role in recruiting 
intracellular iron and delivering iron for iron-sulfur cluster biogenesis under aerobic conditions 
but not under anaerobic conditions.  
In E. coli cells, IscS is not only a major sulfur donor for iron-sulfur cluster biogenesis (6) 





phosphorothioation (63), molybdopterin (64), and other biological thiolation processes (65). 
Although the chemical nature of the red chromophore in IscS accumulated in the E. coli cells 
with deletion of IscA/SufA or depletion of intracellular iron could not be ascertained, a similar 
absorption peak at 521 nm of the serine-glyoxylate aminotransferase intermediate from 
Hyphomicrobium methylovorum has been reported previously (66). The absorption peak at 521 
nm has been attributed to a highly conjugated quinonoid intermediate produced from 
hydroxyaminoacrylate and pyridoxal 5’ -phosphate (66). In this context, we propose that the 
absorption peak at 528 nm of red IscS may also represent a highly conjugated quinonoid 
intermediate. With deficiency of accessible iron for iron-sulfur cluster biogenesis in E. coli cells, 
IscS may accumulate persulfide on the catalytic residue Cys-328 (67). Accumulated persulfide in 
Cys-328 may promote the transfer of a hydride from substrate L-cysteine to produce hydrogen 
sulfide and a thiocarbonyl group in L-cysteine that forms a highly conjugated quinonoid 
represented by an absorption peak at 528 nm (Figure 2.7). When red IscS is oxidized by H2O2 
the thiocarbonyl group could be modified to form a new intermediate with an absorption peak at 
510 nm. Such an intermediate IscS may also be produced in vitro by incubating wild-type IscS 
with excess L-alanine and sulfide under aerobic conditions. Nevertheless, the exact nature of red 
chromophores in IscS formed in E. coli cells remains to be further investigated.  
In E. coli, the cysteine desulfurase IscS, the scaffold protein IscU, and the proposed iron 
chaperone IscA are encoded by the same operon (1), which is regulated by the global 
transcription factor IscR (68) and the small regulatory RNA RyhB (69). It is likely that IscS, 
IscU, and IscA work in concert for iron-sulfur cluster biogenesis (44,48). The physical 
interaction between IscS and IscU has been well characterized (70). Dimeric IscU interacts with 






Figure 2. 7. Proposed intermediates of IscS formed in E. coli cells with deficiency of accessible 
iron for iron-sulfur cluster biogenesis. In E. coli cells with deletion of IscA/SufA or depletion of 
intracellular iron, IscS accumulates persulfide in Cys-328, which may transfer a hydride from the 
thiol group of L-cysteine to produce H2S and a thiocarbonyl group in L-cysteine. The 
thiocarbonyl group may form a highly conjugated quinonoid intermediate in red IscS that has an 
absorption peak at 528 nm. Oxidation of red IscS with H2O2 may modify the thiocarbonyl group 






between IscA and IscS or IscA and IscU have not been reported. The finding that deletion of 
IscA and its paralog SufA results in the accumulation of red IscS in E. coli cells under aerobic 
conditions (Figure 2.1) provides the first evidence of the physiological interplay between the 
sulfur donor IscS and the proposed iron chaperones IscA/SufA during iron-sulfur cluster 
biogenesis under aerobic growth conditions.  
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DEFICIENCY OF IRON-SULFUR CLUSTER BIOGENESIS RESULTS IN 
DISRUPTION OF INTRACELLULAR IRON HOMEOSTASIS AND 
FORMATION OF AN IRON-BOUND FUR IN ESCHERICHIA COLI 
 
3.1       Introduction 
Iron-sulfur clusters are one of the most ancient, ubiquitous and versatile prosthetic groups 
in nature. Most living organisms require iron-sulfur clusters as metal cofactors involved in many 
biological processes ranging from electron transfer to enzyme catalysis and gene regulatory 
processes (1-3). The biogenesis of iron-sulfur clusters has been extensively studies over the last 
decades, both in prokaryotes and eukaryotes (4-6). These studies identified three different 
systems, the nitrogen fixation (NIF), the iron-sulfur cluster (ISC) and the sulfur utilization 
factors (SUF) (7). The NIF system is responsible for the specific maturation of nitrogenase in 
azototrophic bacteria (8,9). The ISC system generates housekeeping iron-sulfur proteins while 
the SUF is activated in the oxidative stress conditions (7,10,11). All these systems share the same 
basic principles and similar main parts which work together to produce iron-sulfur clusters. A 
cysteine desulfurase (NifS, IscS, SufSE) catalyzes the desulfurization of L-cysteine as the sulfur 
donor (8,12,13) and transfers the sulfur to a scaffold protein (NifU, IscU, SufB) (14-16) for iron-
sulfur cluster assembly, unfortunately, yet the iron source has not been identified. Finally, the 
iron-sulfur cluster is transferred to recipient proteins and this process involves energy-dependent 
proteins (HscAB, SufCD) (5,7,17,18).  
Among the proposed iron donors, IscA has a unique and strong iron binding activity (19-
22), although it was initially proposed as another iron-sulfur cluster (23-25). IscA contains three 
highly conserved cysteine residues and mutation of any of the three cysteine residues would 
diminish the iron-binding capacity (26). A similar strong iron binding activity has also been 





spectroscopic studies revealed that the iron-binding affinity of IscA can be as much as one iron 
atom per dimer under aerobic conditions (19,27,28). The iron is coordinated with at least two 
conserved cysteine ligands and one oxygenic ligand (22,26). L-cysteine, as the substrate of IscS, 
can readily mobilize the iron center in IscA and promote iron-sulfur cluster assembly in IscU in 
vitro (29,30). In addition, in our previous studies, deletion of IscA/SufA produces a red 
intermediate IscS which can also be accumulated in wild type E. coli cells by depleting 
intracellular iron (31). Besides, deletion of IscA/SufA results in a severe growth defect in 
minimal or rich medium under aerobic conditions (26,31) and inhibits [4Fe-4S] cluster assembly 
in metabolically essential enzymes such as IlvD, ThiC and IspG/H (32,33). These results suggest 
that IscA may work as an iron donor for iron-sulfur cluster biogenesis.  
It appears that [Fe-S] cluster generation is regulated according to cellular requirements, 
like iron homeostasis. Bacterial iron homeostasis is mainly mediated by ferric uptake regulator 
(Fur), which is a global iron-dependent regulator and controls expression of more than 90 genes 
in E. coli (34-36). It is also involved in the regulation of iron-sulfur cluster biogenesis. The genes 
sufD and sufS in suf operon are repressed by iron-bound Fur in the normal growth conditions 
(13,37). In addition, the indirect regulation of Fur in iron-sulfur cluster biogenesis via RyhB-
mediated iscSUA mRNA degradation has been demonstrated (38). RyhB is a small regulatory 
noncoding RNA and it works together with Fur in maintaining iron homeostasis in E. coli. RyhB 
is repressed by the iron-bound Fur. When iron is limited, RyhB is de-repressed by apo-Fur and 
degrades its target mRNAs by recruiting RNase E and RNase III (39-41). A microarray study 
showed the observation that RyhB-induced repression occurs in the downstream part of the 
iscSUA without affecting the upstream part, iscR (42). It suggests that RyhB-mediated Fur 





E. coli Fur has been described as a zinc metalloprotein (43). Although the three-
dimensional structure of E. coli Fur is not available up to now, the NMR and x-ray data have 
shown that its overall architecture is conserved (44). Each subunit of Fur possesses two zinc 
binding sites that ferrous iron can readily exchange with the zinc ion in the regulatory site and 
cause a conformational change increasing the DNA binding affinity, while the zinc in the 
structural site is able to stabilize the protein quaternary structure (44-46). Here we find, for the 
first time, that isolated Fur from E. coli iscA/sufA mutant exhibits a unique red color and 
possesses a significant iron binding capacity and a mild expression of Fur partially restores 
iscA/sufA mutant cell growth defect under aerobic conditions. Spectroscopic characterization of 
the Fe-bound Fur is very different from the Zn-bound Fur isolated from wild-type E. coli cells. 
Fe-bound Fur has three distinct absorption peaks at 325nm, 415nm and 450nm whereas Zn-
bound Fur has no absorption peak. According to quantitative RT-PCR results, the expression of 
endogenous Fur is repressed, meanwhile the ferric transporter operons fhuACDB and fecABCDE 
are dramatically increased in the E. coli iscA/sufA mutant cells, which may explain the 
dramatically elevated level of intracellular iron content in the iscA/sufA mutant cells. Expression 
of exogenous Fur or deletion of fecABCDE operon in the iscA/sufA mutant cells partially restores 
the cell growth in LB medium under aerobic condition, suggesting that the excess amount of iron 
may contribute to the mutant cell growth defect with deficiency of iron-sulfur cluster biogenesis. 
3.2       Materials and methods 
E. coli strains.  
The E. coli iscA/sufA mutant was prepared from wild-type E. coli strain (MC4100) as 
described previously (32). E. coli mutant with deletion of operon fecABCDE was constructed 





sequences are part of the chloramphenicol-resistance gene) were used for amplification of the 







Deletion of fec operon in the E. coli genome was confirmed by PCR using two primers: 
fecI-NO: 5’- AAGGAAAAAAGCGGCCGCCGCGACATCCGACGC-3’ 
fecE-CO: 5’- CGCACGCATGTCGACTAGAAAAATCGATGGTCAGAAACTGGATTAG-3’ 
Recombinant E. coli Fur cloning and protein purification 
The DNA fragment encoding Fur was amplified from the wild-type E. coli genomic DNA 
with PCR using two primers: Fur-F (5’-TGTCACCCATGGGGGGTTCTCATCATCATCATCA 
TCATGGTATGGCTAGCATGACTGATAACAATACCGCCCTAA-3’) and Fur-R (5’- ACC 
CGCAGGTAAGCTTTTCTCGTTC AG-3’). The PCR product was digested with restriction 
enzymes Nco I and Hind III, and ligated to an expression vector pBAD/HisB. The cloned DNA 
fragment was confirmed by direct sequencing (Eurofins Genomics). Recombinant Fur was 
expressed in E. coli MC4100 and iscA/sufA mutant in LB (Luria-Bertani) medium. Overnight E. 
coli cells containing the expression plasmid were diluted 1:100 in freshly prepared LB medium 
and incubated at 37oC with aeration (225 rpm) till the absorption of O.D.600 ~0.6, followed by 
protein induction using L-arabinose (0.02%) for an additional 3 hours. Protein was purified as 





electrophoresis analysis on a 15% polyacrylamide gel containing SDS followed by staining with 
Coomassie Blue. The protein concentration of Fur was measured from the absorption peak at 280 
nm using an extinction coefficient of 6.2 mM-1cm-1. The UV-visible absorption spectra were 
recorded in a Beckman DU640 UV-visible spectrometer equipped with a temperature controller.  
Intracellular iron content analysis using the whole cell EPR. 
The intracellular iron content of wild type E. coli cells and iscA/sufA mutant were 
measured using the in vivo EPR (electron paramagnetic resonance). The method was an adaption 
of the protocol described previously (48). Briefly, overnight E. coli cells were diluted 100-fold 
into the fresh LB medium at 37oC with agitation. Cultures were grown to an O.D. at 600 nm of 
0.5. Cells were then harvested by centrifugation at 8000 rpm for 5 min and pellets were re-
suspended and incubated in 10 ml LB containing 20 mM desferrioxamine B. The cells were then 
incubated at 37 °C for 15 min, and washed with 10 mM diethylenetriaminepentaacetic acid 
(DPTA) once. After the incubation, the suspension was further washed twice with 20 mM cold 
Tris-Cl (pH 7.4) and re-suspended in cold 20 mM Tris-Cl containing 10% glycerol. The cell 
suspension was transferred into an EPR tube and frozen in dry ice/ethanol bath. Iron standards 
for the EPR measurements were prepared by making serial dilution of FeCl3 and desferrioxamine 
B (1 mM) in Tris (20 mM, pH 8.0). The EPR spectra were recorded at X-band on a Bruker ESR-
300 spectrometer using an Oxford Instruments ESR-9 flow cryostat. The routine EPR conditions 
were: microwave frequency, 9.45 GHz; microwave power, 10 mW; modulation frequency, 100 
kHz; modulation amplitude, 2.0 mT; sample temperature, 10 K; receive gain, 1.0×105. 
Metal content analyses 
Total iron content in protein samples was determined using an iron indicator 2,4,6-





protein samples was determined using a zinc indictor 4-(2-pyridylazo)-resorcinol (PAR) 
following the procedures in (50). The zinc and iron contents in purified Fur were also measured 
by the Inductively Coupled Plasma-Emission Spectrometry (ICP-ES) (Wenzhou Medical 
University). Both metal content analyses produced similar results. Iron release from the Fe-
bound Fur upon the reduction was monitored using a Beckman DU640 UV-visible spectrometer 
equipped with a temperature controller and ferrozine as an iron indicator. Ferrozine (0.5 mM) 
and L-cysteine (2mM) incubated with Fur protein for 5 min at 25oC, followed by adding sodium 
dithionite (4 mM) (51).  
Cell growth analysis and Western blotting analysis 
Western blotting analysis were used to determine the expression of His-tagged Fur in E. 
coli cells. E. coli cells hosting pBAD expressing His-tagged Fur were grown in 37 °C with 
supplementary arabinose (0.002%) for 5 hours. The O.D. at 600 nm was recorded at 0 hour and 5 
hours.  Cells were then harvested and re-suspended in buffer containing Tris (20 mM, pH 8.0) 
and NaCl (500 mM) to O.D. 600nm ~20. The cells were then mixed with 4x SDS loading buffer 
and subjected to SDS-PAGE. The antibody against 6x His-tag was purchased from ProteinTech. 
Genome-wide transcriptional analysis of E. coli  
E. coli gene expression was measured using GeneChipTM Expression Analysis 
(ThermoFisher Scientific). Briefly, the microarray analysis for Total RNA was prepared for 
microarray analysis using RNeasy Mini kit (QIAGEN Inc.) RNA was isolated from both wild 
type E. coli and the iscA/sufA mutant cells. RNA concentrations were determined by the 
absorbance at 260 nm (A260 = 40 g/mL) and their integrity was assessed using OD260/OD280 
ratios. The ratios with ranges between 1.8 to 2.1 were considered acceptable. A 10-g volume of 





RNA/Primer mix. Samples were reverse transcribed using the Superscript II enzyme, RNA then 
was removed by adding 1 N NaOH. cDNA was purified using MinElute PCR purification kit and 
concentration was determined by 260 nm absorbance (A260 = 33 g/mL). cDNA products were 
then fragmented by DNase I and labeled with terminal transferase and biotinylated GeneChipTM 
DNA labeling Reagent at the 3’ termini. After determining that the fragmented cDNA was 
labeled with biotin, GeneChipTM Hybridization, Wash and Stain Kit was used for microarray. 
The Fluidics Station 400 was set up to automate the washing and staining of GeneChipTM E. coli 
arrays. GeneChipTM Scanner 3000 scanned probe arrays. 
Quantitative RT-PCR analyses 
Overnight E. coli cultures were diluted in 1:100 in fresh LB medium, and grown in LB 
medium at 37 ºC with aeration until O.D. at 600 nm of 0.6. Total RNA was extracted from E. 
coli cells using the Trizol solution, followed by removal of genomic DNA using gDNA eraser 
(Clontech co). Primers for quantitative RT-PCR were list below. Transcript of E. coli gene mdoG 
was used as a reference for RT-PCR analyses (52). fecA-1: 5’-GAGGAAAGGCGACACCTA 
CGG-3’; fecA-2: 5’-CAAACTGGCTGGACTGGAAAT-3’. fhuA-1: 5’-AGGGTCAGAAGAGC 
AGCG-3’; fhuA-2: 5’- GGCAACCAGCCGTAATAACC-3’. fur-1: 5’-TGATAACAATACCGC 
CCTAA-3’; fur-2: 5’-ATCGTGGTGATGTTGCTGTG-3’. mdoG-1: 5’-TGGGTGACTCCGAA 
AGGG-3’; modG-2: 5’-ACGGCTGAAGGTGATGGTGTAT-3’. 
Electrophoretic mobility shift assay 
Primers Fur-A (5’-TTTAGGCGTGGCAATTCTATAATGA-3’) labeled with biotin at 
5’-end and Fur-B (5’-TATCAGTCATGCGGAATCTGTCCTG-3’) were used for PCR 
amplification of the fur promoter from E. coli genome. The biotin-labeled DNA fragment (110 





containing Tris-Boric acid (20 mM, pH 8.0), glycerol (5%), MgCl2 (1 mM), KCl (40 mM), NaCl 
(100 mM), and dithiothreitol (1 mM) at room temperature for 30 min, and subjected to a non-
denaturing polyacrylamide gel (4%) (in Tris-Boric acid (20 mM, pH 8.0)) electrophoresis. The 
DNA fragments were then transferred to a nylon membrane (Thermo Fisher Scientific co.). The 
biotin-labeled DNA on the nylon membrane was cross-linked under UV light at 120 mJ/cm2 for 
1 min, and visualized using the Lightshift Chemiluminescence kit (Thermo Fisher Scientific co.). 
3.3       Results 
Deletion of IscA/SufA impedes [4Fe-4S] cluster assembly in endonuclease III and increases 
intracellular iron content in E. coli under aerobic growth conditions. 
 
It has been reported that IscA/SufA paralogs are required for the [4Fe-4S] cluster 
assembly in enzymes of multiple physiological pathways (32), like dihydroxy-acid dehydratase 
(IlvD), aconitase B, ThiC and endonuclease III (Nth). Nth contains an oxygen-resistant [4Fe-4S] 
cluster (53). Figure 3.1A shows that Nth purified from the wild-type E. coli cells had an 
absorption peak at 419 nm of the [4Fe-4S] cluster, however, there was no absorption peak of 
iron-sulfur cluster for Nth purified from the iscA/sufA mutant (Figure 3.1B).  
To further confirm the role of IscA/SufA in iron-sulfur cluster assembly on Nth, we explored the 
intracellular iron contents in both the E. coli wild type and the iscA/sufA mutant cells using whole 
cell EPR approach (Figure 3.1C and D). The complex of iron and desferrioxamine generates an 
EPR signal at g = 4.3. and the amplitude of the signal reflects the relative amount of the 
intracellular iron content (48). The amplitude of the EPR signal of iscA/sufA mutant (Figure 
3.1D) is higher than that of wild-type cells (Figure 3.1C), indicating an excess amount of 
intracellular iron is accumulated in the iscA/sufA mutant cells. Thus, the absence of assembled 
[4Fe-4S] cluster in Nth may due to the deletion of IscA/SufA rather than a limited intracellular 






Figure 3. 1. Effect of deletion of IscA/SufA on the [4Fe-4S] cluster assembly in Nth and the 
intracellular iron content. A, UV-visible spectrum of the recombinant Nth purified from wild-
type E. coli cells. B, UV-visible spectrum of the recombinant Nth purified from the E. coli 
iscA/sufA mutant cells. C, EPR spectra of the wild-type E. coli cells treated with 
desferrioxamine. D, EPR spectra of the E. coli iscA/sufA mutant cells treated with 
desferrioxamine. 
 
The global iron regulator Fur becomes iron bound in the E. coli iscA/sufA mutant cells and 
the iron is readily released from the iron-bound Fur when the iron center is reduced. 
 
Increased level of the intracellular iron content suggests that iron homeostasis might have 
been disrupted in the E. coli iscA/sufA mutant. To explore the regulation of iron metabolism, we 
expressed recombinant Fur in wild-type E. coli and iscA/sufA mutant cells grown in LB medium 
under aerobic conditions. Figure 3.2A shows that Fur purified from wild-type E. coli cells is 





purified from the iscA/sufA mutant is reddish and has three distinct absorption peaks at 325 nm, 
410 nm and 450nm. The total metal content analysis revealed that the Fur protein purified from 
wild-type E. coli cells contained a trace amount of iron and 1.74 ± 0.12 zinc atoms in each Fur 
monomer, whereas the red Fur protein purified from the iscA/sufA mutant cells contained 0.67 ± 
0.15 iron and 0.75 ± 0.17 zinc atoms per Fur monomer (n=3) (Figure 3.2B). Since each Fur 
monomer has two metal binding sites: the putative iron regulatory site and the structural zinc 
binding sites. the results suggest that the red Fur has one iron atom replacing the zinc atom on 
the regulatory site. To the best of our knowledge, the iron-bound Fur has not been isolated from 
E. coli or any other bacteria. The red Fur purified from E. coli iscA/sufA mutant cells represents 
the first purified native iron-bound Fur.  
To further explore the redox property of the iron center in the iron-bound Fur from E. coli 
cells, we reduced the protein with sodium dithionite. The absorption peaks of the iron-bound Fur 
disappeared quickly after adding sodium dithionite (Figure 3.2C) and the protein color was also 
faded suggesting the iron center in Fur can be reduced by sodium dithionite and it cannot be re-
oxidized by exposing to air or adding H2O2 (Figure 3.2C). In addition, the iron center was 
gradually released upon the reduction. We pre-incubated the iron-bound Fur with an iron 
indicator ferrozine, followed by addition of sodium dithionite. The iron-bound Fur was stable in 
the presence of ferrozine and there was little formation of iron-ferrozine complex. However, 
once sodium dithionite was added, the iron was gradually released from the iron-bound Fur and 
formed the iron-ferrozine complex with an absorption peak at 562 nm. In parallel experiments, 
the zinc-bound Fur purified from wild-type E. coli cells were measured in the same experimental 







Figure 3. 2. Fur becomes iron bound in E. coli iscA/sufA mutant cells and the iron is released 
from the iron-bound Fur upon reduction.  A, UV-visible absorption spectra of purified Fur from 
wild-type (spectrum 1) and iscA/sufA mutant cells (spectrum 2). The protein concentration was 
calibrated to about 80 μM in buffer containing NaCl (500 mM) and Tris (20 mM, pH 8.0). Inset 
was a photograph of the purified Fur proteins from wild-type (1) and the iscA/sufA mutant (2) 
cells. B, total metal content analysis of the purified Fur proteins. The metal contents were 
measured by the Inductively Coupled Plasma-Emission Spectrometry (ICP-ES) and plotted as a 
ratio of metal atoms per Fur monomer. The results were averages ± standard deviations from 
three independent experiments. C, UV-visible spectra of the reduced iron-bound Fur by sodium 
dithionite. Spectrum 1, as-purified Fur (80 μM). Spectrum 2, after adding of freshly prepared 
sodium dithionite (4 mM). Spectrum 3, re-oxidizing Fur by adding H2O2 (5 mM). D, iron release 
from the purified Fur proteins upon reduction. The Fur proteins (30 μM) were pre-incubated with 
ferrozine (0.5 mM) for 5 min at room temperature, followed by addition of sodium dithionite (4 








Table 1. Top 30 up-regulated genes in E. coli iscA/sufA mutant cells 
Gene Annotation  Fold  Gene Annotation  Fold 
FhuF 




Ferric citrate transporter 
subunit 14.5 
FecA 




Ferric citrate transporter 
permease subunit 13.6 
FecB 
Iron-dicitrate transporter 
substrate-binding subunit 36.5 
 
YtfE 








dinucleotide biosynthesis 11.4 
YtjA Putative membrane protein 29.6  YihB Putative sialic acid transporter 10.6 
FhuA 




Molecular chaperone Hsp31 
and glyoxalase 3 10.5 
YbgS Putative protein 25.9  FecR Fec operon regulator FecR 10.1 
OsmY Putative protein 21.6 
 
MltD 
Membrane-bound lytic murein 







binding protein 9.7 
FecI RNA polymerase sigma factor 18.1  YdiU Putative protein 8.3 
GadB Glutamate decarboxylase 17.5  FtsL Cell division protein  8.0 
SodA Superoxide dismutase A 17.1 




Ferric citrate transporter ATP-
binding subunit 17.1 
 GadA Glutamate decarboxylase 7.9 
GadC 
Putative glutamate:gamma-
aminobutyric acid antiporter 16.4 
 YjbJ Putative stress-response protein 7.9 
FadE Acyl-CoA dehydrogenase 15.1  YdeI Putative protein 7.9 
 
The ferric uptake operons fhuACDB and fecABCDE are up-regulated and the gene fur is 
down-regulated in the E. coli iscA/sufA mutant cells. 
 
To explore the reason for the elevated level of intracellular iron in the iscA/sufA mutant, 
the previous studies of genome-wide gene expression analysis in wild type E. coli and the 
iscA/sufA mutant cells were investigated. Table 1 lists the top 30 upregulated genes and at least 9 
of them belong to the iron uptake systems such as Fhu and Fec proteins. Among the iron uptake 
genes, the proteins encoded by operon fhuACDB are responsible for transporting ferric 
hydroxamate into E. coli cells (54), while the proteins encoded by the operon fecABCDE are 
responsible for ferric citrate transport (55). To compare the gene expression of iron transporters 





quantitative RT-PCR was performed by Tan group from Wenzhou Medical University to 
confirm the microarray result. The result showed that both genes fhuA and fecA, encoding the 
outer membrane receptors for ferric hydroxamate and ferric citrate, respectively, were up-
regulated in iscA/sufA mutant cells (Figure 3.3). However, the observations that Fur is iron-
bound and the ferric transporters are highly expressed in iscA/sufA mutant cells seem to be 
mutually contradictory because gene fecA and fhuA are both repressed by the iron-bound Fur 
(56-59). We asked whether gene fur is down-regulated in the iscA/sufA mutant cells so that 
operons fecABCDE and fhuACDB are de-repressed. The qRT-PCR analysis showed that the 
expression of gene fur was indeed down-regulated in the iscA/sufA mutant cells (Figure 3.3). 
Thus, a decreased expression of gene fur in the E. coli iscA/sufA mutant cells may contribute to 
up-regulation of the operons fhuACDB and fecABCDE, even though the Fur protein is iron-
bound. 
 
Figure 3. 3. Quantitative RT-PCR analysis of fhuA, fecA and fur transcripts in E. coli wild-type 
and the iscA/sufA mutant cells. Total RNA was isolated from wild-type and iscA/sufA mutant 
cells for qRT-PCR analysis. The gene mdoG was used as an internal reference of RT-PCR. The 





Regulation of gene fur in E. coli cells 
Sequencing of the fur promoters in the E. coli iscA/sufA mutant cells revealed no 
mutations, indicating that down-regulation of gene fur is likely due to regulation of transcription 
factors. In E. coli, gene fur is activated by the catabolite activator (CAP) (60,61) and redox 
transcription factors OxyR and SoxS (62). Since the E. coli cells were not subjected to oxidative 
stress, contribution of OxyR or SoxS to repression of gene fur in the iscA/sufA mutant cells 
would be minimum. Interestingly, the fur promoter in E. coli cells has two “Fur box” sites and 
these two Fur binding sites have a 13-bp overlap (underlined) (TTCTATAATGATACGCATT 
ATCTCA). The -10 hexamer (TATAAT) of the fur promoter is part of the first Fur box (60). 
Thus, binding of the iron-bound Fur to the fur promoter is supposed to repress the expression of 
gene fur. To test the DNA binding activity of iron-bound Fur on the promoter region of gene fur, 
we prepared a biotin-labeled DNA fragment containing the E. coli fur promoter (110 bp), and 
performed the mobility shift experiment. Figure 3.4 shows that the iron-bound Fur purified from 
iscA/sufA mutant cells was indeed able to bind on the gene fur promoter region indicating it may 
auto-regulate itself expression. However, the zinc-bound Fur purified from wild type E. coli cells 
had a similar DNA binding activity on gene fur promoter under the experimental conditions 
(Figure 3.4). The result was also reported in previous studies that E. coli Fur protein bound with 
different metals have a similar binding affinity for the Fur binding site (63) and similar in vivo 
function (64), It is possible that the iron-bound Fur and the zinc-bound Fur have subtle difference 
in binding the fur promoter as proposed previously (65). It is also possible that the mechanisms 
involved in regulation of Zn-Fur and Fe-Fur on gene fur are different. Helocobacter pylori Fur 
has been reported having an auto-repression to fine-tune its own expression in response to iron 





upstream of the promoter is required for iron-mediated transcriptional autoregulation in 
Helicobacter pylori (67). Therefore, it could not exclude the possibility that the iron-bound Fur 
may have subtle specific interactions with the fur promoter to negatively auto-repress the 
expression of gene fur and decrease the amount of Fur protein in the iscA/sufA mutant cells. 
 
Figure 3. 4. The DNA binding activity of the zinc-bound Fur and iron-bound Fur. A biotin-
labeled fur promoter (110 bp) was prepared as described in Materials and Methods. The prepared 
fur promoter (0.5 nM) was incubated with 0, 10, 100, and 1000 nM zinc-bound Fur or iron-
bound Fur in buffer containing Tris-Boric acid (20 mM, pH 8.0), glycerol (5%), MgCl2 (1 mM), 
KCl (40 mM), NaCl (100 mM), and dithiothreitol (1mM) at room temperature for 30 min. The 
samples were subjected to the non-denaturing polyacrylamide gel (4%) electrophoresis, followed 
by transfer to a nylon membrane (Thermo Fisher Scientific co.). The biotin-labeled DNA was 
visualized using the Lightshift Chemiluminescence kit (Thermo Fisher Scientific co.). The 
results were representative of three independent experiments. 
 
Expression of exogenous Fur or deletion of the ferric uptake operon fecABCDE partially 
restores the cell growth of the E. coli iscA/sufA mutant under aerobic conditions 
 
In previous studies, we reported that iscA/sufA mutant cells grew very slowly in LB 
medium under aerobic conditions, however, the cell growth was not affected under anaerobic 
conditions (26). It is worth to point out that intracellular “free” ferrous iron is extremely toxic to 
E. coli cells because it could easily get oxidized in the presence of oxygen and promote the 
production of hydroxyl free radicals via the Fenton reaction. Under anaerobic growth conditions, 





sufficient for iron-sulfur cluster assembly. Therefore, the increased intracellular iron in E. coli 
iscA/sufA mutant possibly contributes to its severe cell growth defect. Since endogenous gene fur 
is down-regulated in the iscA/sufA mutant cells, introducing exogenous Fur could help re-
establish intracellular iron homeostasis and restore cell growth. In the experiment, we introduced 
a plasmid expressing exogenous Fur into the E. coli wild-type and iscA/sufA mutant cells. 
Expression of exogenous Fur in the cells was confirmed by the Western blotting (Figure 3.5A). 
While expression of exogenous Fur had no obvious effect on cell growth of wild-type E. coli, 
expression of exogenous Fur partially restored cell growth of the iscA/sufA mutant (Figure 3.5B). 
We also deleted operon fecABCDE in wild-type E. coli and the iscA/sufA mutant cells using the 
one-step gene knock-out approach (47). As shown in Figure 3.5C, deletion of operon fecABCDE 
also increased cell growth of the iscA/sufA mutant cells, suggesting that accumulation of 
intracellular iron, at least in part, contributes to growth inhibition of the E. coli iscA/sufA mutant 
with deficiency of iron-sulfur cluster biogenesis.  
 
Figure 3. 5. Expression of exogenous Fur or deletion of operon fecABCDE partially restores the 
cell growth of iscA/sufA mutant under aerobic conditions. A plasmid (pBAD) expressing E. coli 
Fur was introduced into the wild-type E. coli and the iscA/sufA mutant cells. Cells were grown in 
LB medium supplemented with L-arabinose (0.002%) under aerobic conditions. The cell growth 
was measured at 600 nm at 0 hour and 5 hours after overnight culture was inoculated in freshly 
prepared LB medium. A, western blotting analysis of exogenous Fur expression in E. coli cells.  






under aerobic conditions. C, effect of deletion of operon fecABCDE on cell growth of E. coli 
wild type and the iscA/sufA mutant cells under aerobic conditions. The operon fecABCDE was 
deleted in wild-type and iscA/sufA mutant cells as described in Materials and methods. The 
results are representatives of three independent experiments.  
 
3.4       Discussion 
Among the iron-sulfur cluster assembly proteins encoded by iscSUA-HscBA-fdx-iscX 
operon, IscA has a unique and strong iron-binding activity in vitro (19,20) and in vivo (68) under 
aerobic conditions. In addition, the iron center in IscA can be readily mobilized by L-cysteine 
and transferred for iron-sulfur cluster assembly on IscU in vitro (22,29,69). Although single 
deletion of IscA or its paralog SufA has only a mild effect on E. coli cell growth (37,70), 
deletion of both IscA and SufA resulted in a slow-growth phenotype in LB medium under 
aerobic growth conditions (26). In this study, we propose that deficiency of iron-sulfur cluster 
biogenesis due to deletion of the proposed iron donors IscA/SufA results in the accumulation of 
intracellular iron content via down-regulating the global iron regulator Fur in E. coli cells under 
aerobic conditions (Figure 3.1) and formation of an unprecedented iron-bound Fur (Figure 3.2). 
Down-regulation of the gene fur de-represses ferric iron transporters (FhuA and FecA), thus 
abundant iron is imported into cells and generates hydroxyl radicals that are deleterious to DNA, 
proteins and cells. Introduction of the exogenous Fur into the iscA/sufA mutant or deletion of the 
operon fecABCDE partially restored the cell growth demonstrating further that the iscA/sufA 
mutant cell growth defect may result from the excessive intracellular iron concentration.  
Regulation of gene fur in E. coli cells is rather complex. CAP-cAMP (catabolite activator 
protein-cyclic adenosine monophosphate) (60), and the redox transcription factors OxyR and 
SoxS (62,71) have been mentioned to activate the expression of gene fur. In Helicobacteri 
pylori, the iron-bound Fur represses gene fur by binding to three operators at its own promoter 





repression site that is bound by the iron-free form of Fur to induce transcription (67). Genetic 
analyses show that E. coli Fur has a similar binding activity on its promoter in response to iron 
(60,72). Furthermore, it has been demonstrated that fur translation is coupled to that of an 
upstream open reading frame uof, which is one of the targets of RyhB-mediated mRNA 
degradation (41,42). Here, we propose that gene fur may be repressed by the iron-bound Fur in 
the E. coli iscA/sufA mutant cells, resulting in de-repression of the ferric transporter operons 
fhuACDB and fecABCDE. Although the iron-bound Fur and the zinc-bound Fur appear to have a 
similar binding activity to the gene fur promoter as reported by others (60,63), we could not 
exclude the possibility that the iron-bound Fur may repress the gene fur (Figure 3.6).  
 
Figure 3. 6. Proposed regulation of Fur expression in deficiency of iron-sulfur cluster biogenesis 
in E. coli. Deficiency of iron-sulfur cluster biogenesis results in accumulation of intracellular 
iron content, which leads to formation of the iron-bound Fur. The iron-bound Fur negatively 
auto-regulates expression of gene fur. Besides, the limited amount of cAMP-CAP reduces the  
expression of gene fur. The decreased production of Fur de-represses the small RNA RyhB 
which degrades iscSUA and uof-fur, leading to a further deficiency of iron-sulfur cluster 
biogenesis and disruption of iron homeostasis in the E. coli iscA/sufA mutant cells. 
 
Alternatively, because of the inhibition of electron transfer activity (data not shown) in 





amount of cAMP-CAP would be limited due to accumulation of metabolites in cells (73), which 
in turn reduces the expression of gene fur (Figure 3.6). In E. coli, iron-bound Fur directly 
represses the expression of the suf operon (11) and indirectly regulates the isc operon via RyhB-
mediated mRNA degradation (38). Less expression of Fur de-represses RyhB and it in turn 
degrades uof-fur and iscSUA, eventually resulting in a further repression of gene fur and 
deficiency of iron-sulfur cluster biogenesis (Figure 3.6). Evidently, iron-sulfur cluster biogenesis 
and intracellular iron homeostasis are closely connected through Fur regulation. 
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Iron is required as a cofactor for a great variety of enzymes involved in multiple 
biological processes, and is critical for most organisms, including bacteria, plants, archaea, 
mammals and humans. However, iron bioavailability is limited in cells because of its toxicity to 
generate the reaction oxygen species and insolubility under oxygen-rich conditions. Therefore, 
iron homeostasis must be fine-tuned to avoid iron deficiency and iron excess. The regulation of 
iron homeostasis is mainly controlled by the ferric uptake regulator Fur. On the other hand, iron-
sulfur clusters are among the ancient prosthetic groups and are involved in many biological 
processes, however, the mechanisms of iron-sulfur cluster biogenesis are still poorly understood. 
In this study, we investigate the relation between iron homeostasis and iron-sulfur cluster 
biogenesis. We found that deletion of the iron chaperones IscA/SufA results in a red-colored 
cysteine desulfurase IscS. The red IscS has a different redox property and spectroscopic 
characterizations. The red-colored IscS can also be produced by depleting intracellular iron in 
wild-type E. coli cells under aerobic conditions. Furthermore, incubation of wild-type IscS with 
excess of L-alanine and sulfide in vitro produces a red-colored IscS. The results suggest that 
disruption of iron delivery pathway for iron-sulfur cluster assembly impedes sulfur delivery and 
results in accumulation of sulfur and L-alanine to form the red-colored IscS. 
We also found that deletion of IscA/SufA increases the intracellular iron level and forms 
an iron-bound Fur. Furthermore, the expression of Fur is dramatically decreased in the E. coli 
mutant cells with deletion of IscA/SufA. Thus, the ferric transporters as the targets of iron-bound 
Fur repression are de-repressed and import more iron into the cells. Expression of exogenous Fur 
or deletion of the operon fecABCDE partially restores the E. coli iscA/sufA mutant cell growth. 





associated in E. coli, and the proposed iron chaperones IscA/SufA have an important role in both 
iron-sulfur cluster biogenesis and Fur-mediated iron homeostasis.  
Since the Fur protein purified from the iscA/sufA mutant cells is the first in vivo evidence 
for the iron-bound Fur, it would be of interest to investigate the protein crystal structure, which 
will probably provide insight into the iron coordination and protein conformational changes in 
binding iron. In addition, further investigation about regulation of the expression of gene fur in 
the iscA/sufA mutant cells would be critical to understand the inherent connections between iron-
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